al., 1998). In this report, we examine the remodeling ATP-dependent chromatin remodeling was first bioaction of NURF on a histone octamer complexed with chemically demonstrated during an analysis of tran-DNA. We have found that NURF is able to reposition a scription factor-mediated disruption of an in vitro rehistone octamer to vicinal positions on the same DNA constituted nucleosome array (Tsukiyama et al., 1994) . fragment, while retaining the full complement of core Subsequently, purified protein assemblies containing histones. Nucleosome movement on DNA occurs within the SWI2/SNF2 DNA-stimulated ATPase (SWI/SNF comminutes, and migrating intermediates can be captured plexes), which had previously been characterized genetat increments of a few base pairs. Our results suggest ically as a transcriptional regulator, were shown to alter a mechanism of remodeling in which NURF lowers the nucleosome structure in an ATP-dependent fashion activation energy for short-range sliding of a histone rearrange nucleosomes was substantially greater on an
array of nucleosomes than on a 161 bp mononucleo-
We mapped the nucleosome positions precisely by gel elution of each of the N1-N4 species, followed by some . To resolve this paradox, and to investigate the mechanism of nucleosome Exonuclease III (Exo III) digestion (Figure 1b, top and bottom). The pause positions of Exo III define nucleoremodeling, we developed a remodeling assay that utilizes a mononucleosome reconstituted on a longer, 359 some boundaries, which are displayed relative to the hsp70 promoter elements (Figure 1c) . Thus, nucleobp, fragment of the Drosophila hsp70 promoter. This 359 bp, loosely defined "nucleosome" provides DNA somes N1 and N2 overlap and are located over GAGA elements of the hsp70 promoter. The N3 position is arms of sufficient length extending from the ‫641ف‬ bp nucleosome core particle (Kornberg, 1977; Van Holde, located further upstream from, and partially overlaps, N1 and N2. As is generally observed when nucleosomes 1989) to accept nucleosomal histones after remodeling.
As observed previously using other DNAs, monoare reconstituted on linear fragments, there appears to be a greater preference for nucleosome location at either nucleosome reconstitution by salt gradient dialysis on the 359 bp fragment generates a mixed nucleosome fragment end (N4 and N4Ј) (e.g., Hamiche et al., 1996) . population distributed over several translational positions, whose locations are dependent on the underlying NURF Promotes Nucleosome Redistribution to One Favored Position DNA sequence. These nucleosomes can be fractionated by native polyacrylamide gel electrophoresis on the baNative gel electrophoresis revealed that when NURF is added to the mixed population of N1-N4 nucleosomes sis of differences in length and spatial orientation of the linker DNA (Figure 1a 3-6) . Lane 1 shows free DNA only. Lanes 7-14: nucleosome species N1 and N3 were eluted from the gel slice in buffer containing 50 g/ml sheared salmon sperm DNA and incubated as above with NURF and ATP as indicated, before electrophoresis on a second native gel. The gel purification and elution procedure results in some redistribution of the purified N1 and N3 nucleosomes to the N4 position and in the release of naked DNA fragment.
2 (lane 10), nucleosomes at the N1 position moved prisubtle disorganization of the interface between the H2A-H2B dimer and the H3-H4 tetramer, or a change in some marily to the N3 position, but a small, clearly defined other aspect of histone octamer or DNA structure to signal was also observed at N2, and between the N3 faciliate nucleosome repositioning. and N4 positions.
The results demonstrate that nucleosome redistribuMigrating Intermediates Trapped at Increments tion mediated by NURF is bidirectional, repositioning of a Few Base Pairs nucleosomes from N1 to either upstream (N3) or downWe characterized the kinetics of nucleosome mobilizastream (N2) positions on the same DNA fragment. This tion by mapping of the shift in the boundary of nucleocan be further illustrated by incubation of gel-purified some N1 after reaction with NURF and ATP. In these N3 nucleosomes with NURF and ATP. A fraction of the experiments, gel-purified N1 nucleosomes were incu-N3 species was relocated to the positions correspondbated with NURF and ATP for varying time periods at ing to N1, N2, N4, and between N3 and N4 nucleosomes 26ЊC, followed by digestion with Exo III for 1 min at 37ЊC (Figure 2, lane 14) . However, most of the nucleosomes (incubation time was registered after the Exo III digestion remained at N3, confirming this location as the favored step). As shown in Figure 4 , a near quantitative shift one in the ensemble of equilibrium positions. from the N1 to N3 position is evident after 5 or 10 min Remodeling mediated by NURF does not proceed by incubation. Interestingly, after 1 and 2 min in the presthe complete dissociation of the histone octamer from ence of NURF, a continuous series of Exo III-resistant DNA. As the remodeling reactions were performed in a fragments extending at increments of a few base pairs vast excess of carrier DNA, nucleosome transfer to an between the N1 and N3 positions (the limit of resolution unlinked DNA fragment would readily have been deof the gel) can be observed. These sites probably repretected by the production of free labeled DNA (O'Donsent migration intermediates trapped by the exonucleoohue et al., 1994; Lorch et al., 1999). No increase in the lytic action of Exo III, in which destruction of one strand free 359 bp DNA was observed after remodeling by from both DNA arms extending from the core particle NURF. Furthermore, we argue that NURF acts catalytiwould freeze further motion of the histone octamer. cally; remodeling reactions were performed at a ratio of While underlying DNA sequence may influence the ac-1 NURF:50-100 nucleosomes. tion of the Exo III enzymatic probe, the incremental nature of the Exo III stops suggests that the migration of Histone Octamer Retains Integrity after Remodeling the histone octamer is not entirely smooth, occurring in To investigate the fate of core histone proteins in the small processive steps, rather than large jumps on DNA. remodeling reaction, we analyzed the protein composition of the N1 nucleosome species after NURF-catalyzed Little Effect of NURF on 5S Nucleosomes redistribution to N3. As shown by two-dimensional elec-NURF facilitates nucleosome redistribution to one pretrophoresis and silver staining for the core histones H3, ferred location from several major positions on the 359 H2B, H2A, and H4, the histone composition of the N1 bp hsp70 promoter fragment. To explore the action of nucleosome after NURF repositioning to N3 remained NURF on other nucleosomes, we analyzed its impact the same, with no significant change in histone stoichion a mixed nucleosome population reconstituted on a ometry (Figure 3) ., 1997 ). It will be of interest to location on the hsp70 promoter and the preferred retention of 5S nucleosomes at several major locations provide examples of free energy minima where the anisotropic flexibility of core particle DNA, or the rigidity of an adjacent linker, restrict free sliding of histone octamers. For the hsp70 promoter, octamer migration from N1 to N3 positions unveils (though not completely) the GAGA factor-binding sites. It will be of interest to analyze the fate of the N3 nucleosome when GAGA factor is included in a nucleosome sliding experiment on the hsp70 promoter.
More generally, it would be important to define how, on any given promoter or enhancer sequence, histone octamer sliding mediated by NURF (or by remodeling complexes of the ISWI subfamily) aligns the nucleoso- agreement with these findings, we have found that reand the redistribution of purified hsp70 N3, and 5S N1 combinant ISWI protein purified from a baculovirus exand N3 nucleosomes is consistent with a random walk pression system also displays nucleosome-stimulated hypothesis.
ATPase activity. However, a 50-fold molar excess of Two observations suggest that the ISWI subunit and recombinant ISWI (a 1:1 ratio of ISWI to nucleosomes) perhaps other components of NURF make direct contact was required to generate nucleosome-stimulated ATPase with nucleosomes to initiate sliding. First, the ATPase acactivity equivalent to the activity shown by NURF. Simitivity of NURF or recombinant ISWI is stimulated by larly, recombinant ISWI had no effect on nucleosome nucleosomes but not by free DNA or histones (Tsukisliding NURF-38, using histone octamer sliding and other In our study of nucleosome movements facilitated by assays to elucidate the function of this chromatin remodeling complex. NURF, the migration of nucleosomes to one favored
Experimental Procedures
Mononucleosome Purification Gel-fractionated nucleosome species were eluted after excision of gel slices by crushing them with a plastic pestle (Polylabo, France) in DNA The 359 bp hsp70 (87A) fragment spans the promoter from positions 1.5 ml microcentrifuge tubes (Eppendorf). The slurry was suspended and incubated for 30 min on ice in 100-150 l of 10 mM Tris-Cl (pH Ϫ348 to ϩ11. It was amplified by the polymerase chain reaction from pdhspXX3.2 (Tsukiyama et al., 1994) using the following prim-7.6), 0.2 mM EDTA, 1 mM MgCl 2 , 5% glycerol, 0.02% bovine serum albumin, containing 50 g/ml of sheared sperm salmon DNA. The ers, which contain an EcoRI site: primer 1, 5Ј-GCGGAATTCGGATCC ACGATAAGCATAACCAA-3Ј and primer 2, 5Ј-GCGGAATTCAGATCT eluate was recovered from the supernatant after centrifugation at 4ЊC. GAATTGACGCTCCGTCG-3Ј. The resulting DNA fragment was digested with EcoRI, gel purified, and cloned in the vector pBSK (StraPurification of NURF tagene) as a tandem repeat (construct pBSK359.3m). pBSK359.3m NURF was purified to the final, glycerol gradient step from 200 g of was digested with either BglII or BamHI, dephosphorylated, and 0-12 hr Drosophila embryos as described by Tsukiyama and Wu labeled at the 5Ј end with T4 kinase. After circularization using T4 ( stopped upon reaching 1000 rpm.) Beads were then washed twice, g/ml). The suitable amount of histones (histone:DNA weight ratio each wash for 5 min with 5 ml of HEGN-0.1 M KCl (with supplements), [r w ] ϭ 0.6) in 2 M NaCl, 10 mM Tris-HCl (pH 7.5), and 100 mg/ml followed by elution for 30 min by addition of 0.5 ml of the same bovine serum albumin were added. The mixture was first incubated buffer containing 2 mg/ml FLAG peptide. Beads were pelleted by for 10 min at 37ЊC, diluted to 50 g/ml DNA and 0.5 M NaCl, incumicrocentrifugation at 5000 rpm (Eppendorf), and the supernatant bated at the same temperature for 30 min, and finally dialyzed at containing purified ISWI protein and FLAG peptide was collected. 4ЊC against 10 mM Tris-HCl (pH 7.5), 1 mM EDTA for at least 2 Aliquots were frozen in liquid nitrogen and stored at Ϫ80ЊC. The hr. We found that a histone:DNA weight ratio of 0.6 gave optimal purity ‫)%59ف ( 
